The decay kinetics of the photogenerated charge carriers could be fitted by second order reaction kinetics, and the direct recombination of the trapped electrons with the trapped holes was proven.
Introduction
Solar hydrogen (H 2 ) is considered as an efficient solar fuel for future energy applications. 1 Among the different strategies to generate H 2 , photocatalysis is one interesting approach, which has been investigated intensely in the last few decades. 2, 3 In fact, charge carrier generation upon light irradiation and their transfer in semiconductor materials to reduce and oxidise electrolytes have been studied in detail for many years. 4 As a dream reaction, the photocatalytic overall water splitting into H 2 and molecular oxygen (O 2 ) would be ideal, however, O 2 generation is severely hampered by the necessary four electron transfer needed for water oxidation. Thus, biomass derivatives such as methanol as hole reactants are often employed in photocatalytic H 2 generation experiments. 5 Methanol was proven to act as a sacrificial agent in such systems with no water splitting occurring and H 2 evolving from water. 6 The fast reaction of photogenerated holes with methanol is another advantage. 7 Generally, more than 90% of the generated charge carriers recombine in picoseconds after generation. 8 By a fast reaction of methanol with holes, less electron hole recombination preserves large H 2 yields. Another strategy to reduce charge carrier recombination is the formation of multiphase or multicomponent heterojunctions, the most famous example being Evonik Aeroxide P25 consisting of anatase and rutile TiO 2 10 Ba 5 Ta 4 O 15 is a highly active water splitting photocatalyst upon UV illumination when modified with a co-catalyst. 11 Its layered structure can be doped efficiently with nitrogen from the gas phase, leading to an extraordinary band gap reduction from 4.5 down to 1.8 eV. 12 To further improve its activity, different sol-gel synthesis methods have been developed to enlarge the surface area of Ba 5 Ta 4 O 15 . 10, 13 By employing EDTA and citric acid as complexing agents, Marschall et al. also investigated the formation of the above mentioned composite system in situ. 10 The composite showed higher photocatalytic activity both in terephthalic acid hydroxylation and in H 2 generation without a co-catalyst, compared to 
The hole trapping in mixed oxides such as tantalates can result in the generation of O À / OH radicals:
The trapped charge carriers can either react with the molecules adsorbed on the surface or recombine with each other:
In the laser flash photolysis experiments the absorption of the transient species formed after the excitation is detected. This transient absorption is related to certain transitions. In the case of semiconductors the optical transition can be correlated with an electron transfer from the trapped states to the conduction band. 15 were recorded in the presence of methanol acting as an electron donor or rather a hole acceptor. 6, 17 Reaction (5) presents the expected photo-induced process:
Moreover, under an inert atmosphere the lifetime of the trapped charge carriers formed in the composites is compared to the charge carrier lifetime generated in the phase pure material.
Experimental details
Samples for laser flash photolysis measurements were prepared according to the literature. The change in the reflectance is monitored using a laser flash photolysis spectrometer LKS 80 from Applied Photophysics. The light absorption of the photo-generated transient species is analyzed using a 150 W xenon arc lamp. The pulsing of the xenon lamp for 1.5 ms by a capacitor discharge leads to a 50-fold increase of the analyzing light intensity. A diffuse reflectance accessory is employed to steer the incoming xenon light beam (via two plane folding mirrors) in relation to the main optical axis. A Spectrosil s lens focuses the optical beam onto the solid sample. The diffusely reflected light from the sample is collected by a second lens. The third folding mirror reflects the converging beam to the monochromator. Subsequently, the monochromator light falls into the photomultiplier detector (Hamamatsu R928 photomultiplier) where it produces a current. The photometric light level falling on the photomultiplier is kept at 100 mV for all measurements by applying the required high voltages of 550-800 V. The current output from the photomultiplier is terminated by the variable signal terminator (set to 100 O) inserted into the signal input socket of the digital oscilloscope. The transient decay is then recorded by the oscilloscope as a voltage change, and the data points are recalculated to the final signal DJ according to:
where I 0 is the incident intensity of the analyzing light; J 0 is the diffusely reflected light without laser pulse (ground light level); J x is the diffusely reflected light with the laser pulse. It has been reported that the DJ value can be correlated with the transient absorption if DJ is less than 0.1, 18 thus to describe the results obtained by the detection of the diffuse reflected light the term transient absorption will be employed.
A dry powder in a flat quartz cuvette has been used in all diffuse reflectance experiments. Herewith, the illumination area of the laser beam and of the analyzing light is 0.5 cm 2 and 0.196 cm 2 , respectively. For measurements with a N 2 -methanol atmosphere, a few drops were added, and the powder was dried with N 2 .
Results and discussion

Irradiation of phase-pure Ba 5 Ta 4 O 15
Ba 5 Ta 4 O 15 has a very large band gap of 4.5 eV. Irradiation was therefore performed with a 248 nm laser pulse. Measuring the initial signal height immediately after the laser pulse, with the powder being kept under an inert N 2 atmosphere, two very broad transient absorption maxima centred at around 650 nm and at around 430 nm can be observed, together with a third distinct absorption increase at 310 nm (Fig. 2a) .
In 21 If the radicals are bound at the metal oxide surface its electrochemical environment is changed and thus a shift of the absorption is expected. In the case of TiO 2 a red shift of the transient absorption by 100 nm has been reported. 22 Regarding the large band gap of the investigated material Ba 5 Ta 4 O 15 , the transient absorption at around 310 nm might be attributed to holes trapped above the valence band (VB). In addition, Fig. 2a shows the transient absorption spectra measured at different times after the laser pulse. Within the first ms the transient absorption spectra do not change, while 4.5 ms after the laser pulse the transient absorption maximum at around 650 nm disappears and a broad absorption spectrum with a slightly pronounced maximum at around 430 nm remains.
In order to relate the observed transient absorption signals to possible trapped charge carriers, we performed the same measurements in a N 2 -methanol environment, to investigate the changes in the transient spectra. In the presence of methanol the absorptions at 650 nm and 430 nm strongly increase, while the absorption at 310 nm deteriorates (see Fig. 2b ). This indicates that the latter can actually be attributed to trapped holes, which react rapidly with methanol (see eqn (5)), resulting in a strongly decreased absorption signal after the laser pulse compared to the pure N 2 atmosphere. For example, holes photogenerated in TiO 2 are scavenged with methanol within 1 ns. 23 Thus, since the holes have reacted with methanol, the probability of electron-hole recombination is reduced and the absorption signal for the electrons increases compared to the N 2 atmosphere, in which the likelihood of electron-hole recombinations is considerably higher. Consequently, the signals at 650 nm and 430 nm can be attributed to trapped electrons in Ba 5 Ta 4 O 15 . From the time evolution of the transient spectra it can be concluded that the maximum at around 430 nm belongs to more deeply trapped electrons, since it remains even at 4.5 ms after the laser pulse, while the transient absorption maximum at around 650 nm disappears, similar to the transient absorption spectra obtained in a N 2 -atmosphere. Fig. 3 shows the transient absorption kinetics at (a) 650 nm and (b) 310 nm in a N 2 -atmosphere (black curves) and in the presence of N 2 -methanol (red curves), respectively. As can be seen for both signals, a strong increase in absorption is apparent immediately after the laser pulse, which decreases rapidly in the first B250 ns, thereafter reaching a long-lasting, nearly constant absorption. The initial absorption J 0 of the signal at 650 nm is higher than at 310 nm, while the decay kinetics of both signals are similar. The characteristic time after which J 0 decays to J 0 /e (B37%) is B0.7 AE 0.1 ms. This characteristic time has been determined for the recalculated decays, in which the constant absorption after 4.5 ms has been subtracted from the detected DJ. This allows more accurate comparison of the decay kinetics and has been applied for all further data analysis. Moreover, the decay kinetics have been analysed for all wavelengths in the range between 310 nm and 850 nm resulting in similar decay behaviour with a t 1/e value of 0.7 AE 0.1 ms.
Comparing the transient absorption kinetics at 650 nm and 310 nm in the presence of methanol (see Fig. 3a and b (red) ), the decay at 650 nm shows a slightly longer life time following a strong decrease in absorption during the first 100 ns after the laser pulse. However, 37% (1/e) of the initial absorption is reached after 0.45 ms, while in N 2 this value is reached after 0.7 ms (Fig. 3a) . This means that in the presence of methanol the recombination of charge carriers could not be suppressed. It may be due to the fact that the methanol molecule reacts only with the surface trapped holes, while the bulk carriers remain in the system and recombine with trapped electrons. In general, a decrease rather than a complete disappearance of the transient absorption signal at 310 nm is observed. After 4 ms, in all atmospheres the observed transient absorption at 650 nm reaches a nearly constant plateau, but only in N 2 -methanol the absorption stays a little bit higher compared to the pure nitrogen system.
In contrast, the transient absorption at 310 nm decays fastest in N 2 -methanol and reaches J 0 /e already after 0.26 ms (Fig. 3b  (red) ), while it prevails longer in N 2 . This is in accordance with our assumption that this absorption can be attributed to trapped holes reacting with methanol (see eqn (5)), leading to a fast decay of the absorption. (Fig. 2a) , the composite shows 80 ns after the laser pulse a broad transient absorption at around 650 nm, and an even stronger absorption at 310 nm, while in contrast to the pure material the maximum at around 430 nm is less pronounced (Fig. 4a) . Moreover, the transient absorption spectrum changes with the decay time. Already 0.6 ms after the laser pulse a broad and featureless absorption in the wavelength range between 350 nm and 710 nm is observed, while the maximum at 310 nm remains. The broadness of the spectra can be explained by the fact that in the composite the charge carriers, mainly the electrons, are distributed at different trapping states within the band gap.
Charge carriers in Ba
It is not surprising that similar transient absorption signals can be determined for the composite, since the formation of electron-hole pairs in the composite will generate the same kind of excited species, e.g., Ta 4+ , F + -and F-centers (see eqn (2) and (3)). Although the crystal structure of the two components is slightly different (hexagonal layered perovskite vs. tetragonal), tantalum is surrounded by 6 oxygen atoms in both structures, and the resulting TaO 6 octahedra are corner-sharing. However, it is obvious that the transient absorption at 310 nm, which was attributed to holes in the phase-pure material and most likely also in the composite material investigated here, is nearly as high as the electron signal at 650 nm, in contrast to the phase pure material. Fig. 4b shows the changes in transient absorption after the laser pulse when the composite powders were measured changing the atmosphere to N 2 -methanol. In the presence of methanol 80 ns after the laser pulse the transient absorption at 310 nm disappears again completely, indicating the oxidation of methanol via the trapped holes followed by the decrease of their absorption state. The transient absorption at around 650 nm increases strongly in a N 2 -methanol atmosphere, revealing the transient absorption of trapped electrons in the composite. The transient absorption spectra alter with the decay time, namely, a new transient absorption maximum at around 500 nm appears and remains even 4.5 ms after the laser pulse. This stability of the transient spectra differs from the transient spectra obtained for the phase-pure Ba 5 Ta 4 O 15 thus conveying the ability of the composite to store the electrons, which can be subsequently used for reduction reactions, i.e., the generation of H 2 .
The transient absorption decay curves obtained at 650 nm and 310 nm in the absence of any electron acceptor or donor are shown in Fig. 5a and b (black curves). The initial absorption J 0 and the t 1/e values of the signals at 310 nm and at 650 nm are similar. J 0 decays to J 0 /e within 0.7 AE 0.1 ms as has also been found for the pure phase. Nevertheless, the long-lasting, nearly constant transient absorption is higher in comparison to the pure phase tantalate indicating that the two absorbing species have longer lifetimes in the composite as compared with the phase-pure Ba 5 Ta 4 O 15 .
The red curves in Fig. 5a and b demonstrate the transient absorption decay of the two most pronounced absorption states in the composite powders in the presence of methanol. In a N 2 -methanol atmosphere the decay kinetics at 650 nm change drastically (Fig. 5a, red curve) . Following the sharp rise in absorption immediately after the laser pulse and a rapid decay within the first 500 ns, the absorption rises again slightly reaching a maximum at around 2.2 ms, then levelling slowly off, however, being always much higher than the signal in pure N 2 . The rapid decay of the transient at 310 nm (Fig. 5b, red curve) within 500 ns evinces the reaction of the trapped hole with methanol. The following build-up indicates the formation of a new species exhibiting a transient absorption in the UV region, which may correspond to complex defects of the type: Ta 4+ : Ta   4+ xO v xTa 4+ , as it has been proposed by Antonov et al.
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for the absorption bands at around 450 and 550 nm. The recombination of the charge carriers in the composite in the presence of methanol could be sufficiently reduced in contrast to the phase pure Ba 5 Ta 4 O 15 . Compared to Fig. 3a , in which the lifetime of electrons was slightly decreased, in the composite the transient absorption signal remains high even longer after the laser pulse, indicating an accumulation of the electrons in the system. Since both transients are very different, it is reasonable to argue charge carrier trapping in the composite after charge excitation gives rise to this behaviour. The main difference in the materials investigated is the second component Ba 3 Ta 5 O 15 exhibiting a more anodic conduction band position (À0.5 V vs. NHE) than Ba 5 Ta 4 O 15 (À1.2 V vs. NHE). Thus, it is likely that electrons are transferred onto this second component and are trapped there. This also explains the initial absorption decays, followed by a slow build-up of the transient absorption over time. The electrons on Ba 5 Ta 4 O 15 can still recombine, as shown in Fig. 3a , but when they are transferred to Ba 3 Ta 5 O 15 , they accumulate and are trapped. To prove this behaviour, it would be useful to investigate phase pure Ba 3 Ta 5 O 15 , but preparation in pure form was not possible yet. The transient decay signals obtained for tantalates in a N 2 atmosphere on the microsecond time scale could be successfully fitted by second order reaction kinetics:
assuming the recombination of the trapped electrons (transient absorption signals at 650 nm and 430 nm) with the trapped holes (transient absorption at 310 nm):
The observed long-lived component of the transient absorption follows more complicated non-second-order reaction kinetics thus for a better comparison of the initial decay behavior at different wavelengths, this plateau absorbance has been subtracted from the absorption decay. Moreover, the initial signal intensity has been set to t = 0 according to: DJ m (t) = DJ(t + 80 ns) À DJ(t = 4.5 ms) (9) Fig. 6a and b present the decay curves together with the fit for (a) the phase-pure and (b) the composite material, respectively. The obtained recombination rate constant and the initial transient absorption change are summarized in Table 1 .
Since the extinction coefficient of the trapped species is unknown, it is not possible to determine the absolute concentrations of the species and thus to derive the absolute values for the recombination constants. À1 has been obtained evincing that the recombination rate does not depend on the composition of the tantalate powders. The assumed improved charge separation in the composite material could not be verified in the absence of any electron donor or acceptor. Moreover, the rate constant is found to be wavelength independent thus confirming the above assumption that the decay is due to the recombination between two trapped species. Although the transient absorption of the trapped electrons is very broad indicating the existence of energetically different trapped electrons, the latter recombine with the same rate with the trapped holes. The decay kinetics of the transients for the phase pure material and for the composite in the presence of methanol differ from each other. As can be seen in Fig. 3 In fact, the reaction of trapped electrons with CH 2 OH radicals should be regarded as an electron coupled proton transfer Fig. 7 right). Consequently, in the transient absorption spectra (Fig. 4b ) a new band is observed 0.6 ms after the laser pulse, related to trapped electrons in Ba 3 Ta 5 O 15 .
In contrast to the phase pure powder the photogenerated electrons in the composite powder can thus be stored for reduction processes, which explains the higher photocatalytic performance for H 2 generation under comparable conditions of the composite material, supporting the earlier drawn assumption of the concerted charge carrier transfer process in these composites. 10 15 . The experiments performed in the presence of an electron donor such as methanol allowed for the first time to attribute these transient absorptions to trapped holes and electrons, respectively, with the former absorbing in the UV range while the latter absorbs in the visible light range. The transient absorption at 650 nm can be related to Ta 4+ , as it has been proposed earlier for LiTaO 3 . The analysis of the transient absorption signals revealed that the decay kinetics do not depend on the absorption wavelength. This means that the detected trapped electrons and holes react only with each other. They can reach one another through a hopping mechanism, similar to the one that has been observed for TiO 2 .
Conclusions
By comparison of the pure tantalate with the composite, it is obvious that the composite exhibits higher amounts of long lived charge carriers under a N 2 -methanol atmosphere. Moreover, the recombination of the charge carriers could be sufficiently reduced and an accumulation of the trapped electrons could be detected. A model explaining the different behaviours of the pure phase and the composite material was proposed, with either CH 2 OH acting as a recombination center in phase-pure tantalate, or involving additional electron injection into the composite material (current doubling). This model explains the improved performance of the composite in photocatalytic hydrogen generation experiments, which has been reported previously.
